Introduction {#S0001}
============

Bipolar disorder (BD), a chronic, severe, and highly disabling psychiatric illness, is among the leading causes of disability, giving rise to tremendous health-care costs and affecting more than 1% of the general population irrespective of nationality, ethnic origin, or socioeconomic status.[@CIT0001] Lithium is still a first-line treatment for BD,[@CIT0002] even though individual response is variable. Given that lithium has a narrow therapeutic index, therapeutic drug monitoring for determining serum lithium concentrations and exploring factors related to lithium blood concentrations remain the key components of clinical surveillance.[@CIT0003]

Over the past two decades, China has experienced rapid socio-economic changes, accompanied by social problems, such as the rapid rise in health care costs, the rise in divorce rates, the weakening of family relations, the massive migration of temporary jobs to urban areas and the widening poverty gap.[@CIT0004] These problems generally affect mental health, especially emotional disorders including BD. It has been reported that the 12-month and lifetime prevalence of Chinese BD were 0.17% and 0.11%, respectively.[@CIT0005] Chinese populations make up around one fifth of the total world and the Han nationality accounts for 92% of the total population. Taken together the fact that lithium is a first-line treatment for BD in China and the study on relative factors of blood lithium has not been widely reported in Chinese Han population, it was important and necessary to investigate the factors related to lithium blood concentrations in Chinese Han patients with BD.

The current study has suggested that body size, age and renal function are associated with lithium clearance.[@CIT0006] Further study showed that lower lithium clearance could be attributed to the loss of fluid and sodiumions (Na^+^).[@CIT0007] Additionally, most drug interactions with lithium are associated with changes in fluid or Na^+^ balance.[@CIT0008] However, the factors relating the concentration of blood lithium are still incompletely understood and remain controversial, especially in Chinese Han patients with BD.

Pharmacokinetic studies showed that lithium is mainly excreted by glomerular filtration,[@CIT0009] and it is speculated that the significant predictors of lithium clearance identified in most studies were related to renal function, such as glomerular filtration rate (GFR).[@CIT0006],[@CIT0010] However, there are few studies on the relationship between blood lithium concentration and renal function. Therefore, correlations between endogenous markers of GFR (urea nitrogen and creatinine) and serum lithium concentration were observed in the present study.

There is growing evidence that lipid alterations play an important role in the pathophysiology of BD.[@CIT0011] As a valuable first-line treatment for BD, lithium was considered to affect lipid alterations. In agreement with this notion, it has been reported that the serum levels of apolipoprotein A1, a major component of the high-density lipoprotein (HDL) complex, were decreased in patients with BD but can be restored to control levels under lithium treatment.[@CIT0012] Moreover, animal experiments showed that serum enzyme levels of HDL were reduced significantly in lithium-treated rats, depicting the disturbed general physiological status.[@CIT0013] These findings suggest that concentrations of serum lithium may be related to lipid metabolism.

Recent studies have shown a link between blood lithium and electrolyte imbalance. The results of a case report demonstrated that blood lithium concentrations may be increased by a high-sodium diet.[@CIT0014] Nephrogenic diabetes insipidus, the most common adverse effect of lithium, occurs in up to 40% of patients receiving lithium treatment.[@CIT0015] Renal lithium toxicity, characterized by increased water and sodium diuresis, can result in insufficient blood volume, hypernatremia, hyperchloremic metabolic acidosis and distal tubular acidosis.[@CIT0015] Thus, whether the concentration of electrolytes in the blood could relate the lithium concentration was investigated in the present study.

Lithium carbonate was successfully used to treat drug (including paliperidone[@CIT0016] and clozapine[@CIT0017])-induced leukopenia and neutropenia, indicating a correlation between lithium and changes in the hemogram. Therefore, the association between the concentration of lithium and the hemogram was also investigated.

Considering the potential relationships between blood lithium and renal function, lipid alterations, electrolyte imbalance, and hemogram changes, the current retrospective study sought to identify whether the above physiological factors could influence the serum lithium concentration in Chinese Han patients with BD.

Materials and methods {#S0002}
=====================

Subjects {#S0002-S2001}
--------

This study was conducted at Hefei Fourth People's Hospital, Anhui Mental Health Center, between May 2018 and January 2019. Psychiatric diagnosis was established through an International Classification of Diseases 10th Revision (ICD-10) criteria-based structured clinical interview by skilled clinicians. A total of 610 subjects with BD were screened by an experienced researcher, and 186 patients were selected from the above patients. The criteria for joining the group were as follows: (1) age 18--65 years; (2) no use of antipsychotic, antimanic, antidepressant or antianxiety drugs for at least two weeks before admission or not undergone a washout period of at least five half-lives of the above drugs; (3) no serious physical diseases, such as acute or chronic nephritis, cardiovascular disease, acute infection, or central nervous system diseases; and (4) written informed consent to participate in the study. Evidence of clinically significant medical problems through medical history, laboratory workup, and physical examination that evaluated for serious physical diseases, such as acute or chronic nephritis, cardiovascular disease, acute infection, or central nervous system diseases was exclusionary for participation. [Figure 1](#F0001){ref-type="fig"} summarizes the recruitment process. In accordance with the principles of the Declaration of Helsinki, all subjects provided informed written consent prior to participation. The Ethics Committee of Hefei Fourth People's Hospital, Anhui Mental Health Center, approved this study.Figure 1Flowchart of the recruitment of participants.**Abbreviation:** BD, bipolar disorder.

Collection of relevant clinical data {#S0002-S2002}
------------------------------------

A demographics questionnaire was used to collect general information about participants, such as sex, body weight, body mass index (BMI), and routine laboratory parameters, including biochemical indexes and clinical parameters. The biochemical indexes and clinical parameters were measured by a COBAS 8000 modular analyzer (Roche Diagnostics) and a Siemens ADVIA 2120i hematology analyzer (Siemens Healthcare Diagnostics Inc., Dublin, Ireland), respectively.

The biochemistry indexes were as follows: total bilirubin (TBIL), direct bilirubin (DBIL), total protein (TP), albumin,globulin, alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP), γ-glutamyl transpeptidase (γ-GT), total bile acid (TBA), total cholesterol (TC), HDL, triglyceride (TG), apolipoprotein A1, apolipoprotein B, blood urea nitrogen (BUN), creatinine (CRE), uric acid, K^+^, Na^+^, Cl^−^, Ca^2+^, creatine kinase (CK), glucose, and Mg^2+^.

The clinical parameters were as follows: white blood cell (WBC) count, neutrophil percentage, lymphocyte percentage, monocyte percentage, basophilic percentage, eosinophil percentage, number of neutrophils, number of lymphocytes, number of monocytes, number of eosinophils, number of basophils, number of red blood cells (RBCs), hemoglobin (HB) concentration, packed cell volume (PCV), mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH), mean corpuscular hemoglobin concentration (MCHC), red cell distribution width coefficient of variation (RDW-CV), number of platelets, mean platelet volume (MPV), platelet distribution width (PDW), and platelet crit (PCT).

Detection of blood lithium concentration {#S0002-S2003}
----------------------------------------

The elimination half-life of lithium averages approximately 20--24 hrs, and steady-state concentrationsare reached after 5--7 days.[@CIT0006],[@CIT0018] Therefore, the steady-state blood lithium concentration was measured after administration of oral lithium carbonate 1.0 g/d for 1 week. Blood samples were taken from the participants' veins at 5:00 a.m. All subjects were fasted prior to blood collection. Dry tubes without any additives were used for collecting the samples. The blood samples were immediately centrifuged at 3,000 rpm for 5 min at 4 °C. The extracted supernatant was collected as a serum sample. The concentration of lithium in the serum was measured using a biochemical analyzer (Dimension RxL Max, SIEMENS Company, Germany) according to the manufacturer's instructions. Reagents (Lithium Flex reagent cartridge, lot: BA9101) were supplied by SIEMENS Company.

Statistical analysis {#S0002-S2004}
--------------------

Data were analyzed using SPSS version 17.0 statistical analysis software (SPSS, Chicago, IL). Distribution of the data was determined by the Kolmogorov-Smirnov test. Relationships between the serum lithium concentration and relevant clinical data were analyzed using Pearson correlation tests, and multiple linear regression analysis was utilized to identify the factors including the creatinine, HDL, apolipoprotein A1, Na^+^, Mg^2+^ concentrations, and percentage of neutrophils related to the serum lithium concentrations. Quantitative data are reported as the means ± standard deviation (SD). A *P*-value of \<0.05 was considered indicative of statistical significance.

Results {#S0003}
=======

One hundred and eighty-six Chinese Han patients with BD were enrolled. The demographic characteristics and routine laboratory parameters of all the subjects are shown in [Table 1](#T0001){ref-type="table"}.Table 1Distribution of independent variables measured from 186 patients with BDMinimumMaximumMeanStandard DeviationAge (year)206535.1510.92BMI (kg/m^2^)19.1437.8724.214.41Lithium concentration (mmol/L)0.111.340.600.23TBIL (umol/L)1.9029.507.714.38DBIL (umol/L)1.5017.903.331.77TP (g/L)56.0081.2066.254.62Albumin (g/L)27.0053.1042.263.82Globulin (g/L)16.2043.0023.883.40ALT (U/L)5.00168.0025.8422.82AST (U/L)9.0097.0021.8312.01ALP (U/L)25.00159.0065.0618.90γ-GT (U/L)2.00250.0024.4426.30TBA (umol/L)0.3034.105.104.97TC (mmol/L)1.087.894.060.91HDL (mmol/L)0.632.301.130.27TG (mmol/L)0.427.801.801.25Apolipoprotein A1 (g/L)0.581.581.000.18Apolipoprotein B (g/L)0.391.400.750.19BUN (mmol/L)1.666.653.390.96CRE (umol/L)35.00107.0064.4512.92Uric acid (umol/L)124.00620.00387.22104.79K^+^ (mmol/L)3.44437.006.6531.73Na^+^ (mmol/L)134.40145.20139.821.81Cl^−^ (mmol/L)98.10110.00103.652.60Ca^2+^ (mmol/L)2.052.662.290.097CK (U/L)22.00567.0077.1966.86Glucose (mmol/L)3.4311.964.961.03Mg^2+^ (mmol/L)0.621.060.870.070WBC (10^9^/L)1.9517.317.542.35Neutrophil percentage (%)28.3082.5060.788.91Lymphocyte percentage (%)8.1057.0027.787.95Monocyte percentage (%)3.1012.206.121.56Basophilic percentage (%)0.101.100.360.18Eosinophil percentage (%)0.1012.903.242.14Number of neutrophils (10^9^/L)0.6211.734.681.92Number of lymphocytes (10^9^/L)0.634.002.010.66Number of monocytes (10^9^/L)0.110.970.450.16Number of eosinophils (10^9^/L)0.000.930.240.16Number of basophils (10^9^/L)0.000.090.0270.015Number of RBC (10^12^/L)2.605.724.210.51HB concentration (g/L)94.00162.00129.1414.44PCV (%)25.8048.3037.924.04MCV (fl)68.90101.7090.134.05MCH (pg)19.80229.6031.8014.74MCHC (g/L)256.00385.00340.8918.03RDW-CV (%)10.60111.0012.777.29Number of platelets (10^9^/L)58.00413.00207.6656.60MPV (fl)8.9014.2010.720.92PDW (%)31.4064.8042.386.21PCT (%)0.070.410.220.056[^2]

[Figure 2](#F0002){ref-type="fig"} shows the distribution of the serum lithium concentration in patients with BD. These data ranged from 0.11 to 1.34 (mean =0.60, SD=0.23) mmol/L.Figure 2Histogram of resulting lithium concentration in 186 patients with bipolar disorder.

As shown in [Figure 3](#F0003){ref-type="fig"}, the results of the Pearson correlation analysis showed that serum lithium concentrations were positively correlated with creatinine concentrations (r=0.147, *P*=0.046; [Figure 3A](#F0003){ref-type="fig"}), Mg^2+^ concentrations (r=0.151, *P*=0.04; [Figure 3B](#F0003){ref-type="fig"}), and the percentage of neutrophils (r=0.178, *P*=0.015; [Figure 3C](#F0003){ref-type="fig"}) in 186 patients with BD.Figure 3Positive correlations between serum lithium concentration and creatinine (**A**), Mg^2+^ (**B**) concentrations, and percentage of neutrophils (**C**) in 186 patients with bipolar disorder.**Notes:** These data are normally distributed (Kolmogorov-Smirnov test). *P*\<0.05 (two-tailed) was considered statistically significant.

As shown in [Figure 4](#F0004){ref-type="fig"}, the results of the Pearson correlation analysis showed that serum lithium concentrations were negatively correlated with HDL concentrations (r=−0.142, *P*=0.05; [Figure 4A](#F0004){ref-type="fig"}), apolipoprotein A1 concentrations (r=−0.169, *P*=0.02; [Figure 4B](#F0004){ref-type="fig"}), and Na^+^ concentrations (r=−0.148, *P*=0.046; [Figure 4C](#F0004){ref-type="fig"}) in 186 patients with BD.Figure 4Negative correlations between the serum lithium concentration and HDL (**A**), apolipoprotein A1 (**B**), and Na^+^ concentrations (**C**) in186 patients with bipolar disorder.**Note:** These data are normally distributed (Kolmogorov-Smirnov test). *P*\<0.05 (two-tailed) was considered statistically significant.

Multivariate linear regression analysis showed that serum lithium concentrations were positively associated with the percentage of neutrophils and negatively associated with Na^+^ concentration ([Table 2](#T0002){ref-type="table"}).Table 2Multiple linear regression analysis between the serum lithium concentrations (dependent variable) and the creatinine, HDL, apolipoprotein A1, Na^+^, Mg^2+^ concentrations, and percentage of neutrophils (independent variables)VariablesBt*P*95% CICollinearity statisticsLower boundUpper boundToleranceVariation inflation factorConstant3.1992.3710.0190.5365.862creatinine0.0021.1750.242−0.0010.0040.2314.327HDL−0.035−0.2630.792−0.2930.2240.2274.408apolipoprotein A1−0.166−0.8670.387−0.5440.2120.8941.118Na^+^−0.022−2.3170.022\*−0.041−0.0030.9711.030Mg^2+^0.3841.5150.132−0.1170.8850.8761.142Percentage of neutrophils0.0042.3410.020\*0.0010.0080.9621.039[^3][^4]

Discussion {#S0004}
==========

In the present study, we demonstrated that serum lithium concentrations were positively correlated with creatinine concentrations, Mg^2+^ concentrations, and the percentage of neutrophils and negatively correlated with HDL concentrations, apolipoprotein A1 concentrations, and Na^+^ concentrations by Pearson's correlation test. Multivariate linear regression analysis indicated that serum lithium concentrations were positively associated with the percentage of neutrophils and negatively associated with Na^+^ concentrations in Chinese Han patients with BD.

Lithium preparations have been successfully used to treat BD and remain the best established long-term treatment for the disorder.[@CIT0019] Because lithium is an agent with a low therapeutic index and as such requires careful monitoring for adverse effects, especially in long-term treatment, identification of factors influencing blood lithium concentration, achievement of a safe and stable blood concentration, and a reduction in adverse reactions of lithium are of great clinical value.

Serum creatinine measurement is a fast, effective and reliable measurement method for accurate estimation of GFR and is therefore considered the gold standard for measuring changes in kidney function and identifying acute kidney injury (AKI).[@CIT0020] As renal insufficiency is clearly a very important potential clinical side effect of lithium,[@CIT0021] a statistically significant increase in blood creatinine was found to be associated with short-term[@CIT0022],[@CIT0023] and long-term[@CIT0024],[@CIT0025] lithium treatment. In a population pharmacokinetic analysis, lithium measurements were described using a two-compartment model, and the most significant covariate for lithium clearance was found to be creatinine clearance.[@CIT0009] More recently, long-term lithium treatment was reported to be associated with a decline in renal function as expressed by significant decreases in estimated GFR over time.[@CIT0025] Consistently, a positive relationship was observed between serum lithium concentrations and creatinine concentrations in the present study, indicating that renal insufficiency might increase serum lithium concentrations. Taken together, these studies suggest that lithium treatment requires continuous monitoring of renal function, particularly when antihypertensive drugs, such as diuretics and renin-aldosterone system inhibitors, are utilized.[@CIT0019]

Recent studies support the notion that mood-stabilizing drugs (valproate or lithium) play an important role in lipid homeostasis and can be used as a prospective research target for the mechanism of action of these drugs.[@CIT0012],[@CIT0026] A previous study demonstrated that lithium inhibited the serum enzyme levels of HDL significantly and dose-dependently.[@CIT0013] Similarly, the results of our study indicated that serum lithium concentrations were negatively correlated with HDL concentrations. Apolipoprotein A1 is the major protein component of HDL particles in blood.[@CIT0027] It has been suggested that apolipoprotein A1 is a candidate marker for showing the response to lithium treatment at the serum protein level.[@CIT0010] Consistent with these findings, the results of the present study have indicated a negative relationship between serum lithium concentrations and apolipoprotein A1 concentrations. However, the specific mechanism of these correlations remains unclear and requires further research.

Numerous studies have shown that there is a close relationship between blood lithium and Na^+^, the mechanism of which might be due to the expression of Na^+^/K^+^-ATPase,[@CIT0028] a solute pump that pumps Na^+^ out of cells while pumping K^+^ into cells, both against their concentration gradients.[@CIT0029] An in vitro study demonstrated the adaptation of live HEK293 cell metabolism to prolonged exposure to a therapeutic concentration of lithium manifested as the upregulation of Na^+^/K^+^-ATPase expression and extracellular Na+,[@CIT0030] which might lead to increased excretion of extracellular Na^+^ through the kidney and eventually lead to a decrease in blood Na^+^. Considering the fact that a negative relationship between serum lithium concentrations and Na^+^ concentrations was observed by both Pearson correlation tests and multivariate linear regression analysis in the present study, it is rational to assume that Na^+^ concentrations may be an indicator for serum lithium concentrations. Additionally, a positive relationship between serum lithium concentrations and Mg^2+^ was also found in the present study, the mechanism of which remains unclear and might be related to the fact that lithium could compete with Mg^2+^and thereby inhibit vasopressin-sensitive adenylyl cyclase.[@CIT0031] Due to the fact that several factors associated with electrolytes were not controlled for in the present study, more studies are clearly required to validate the cause-and-effect relationship between serum lithium concentrations and electrolytes.

Accumulating evidence supports an association between lithium and the number of cells in the blood. Lithium can increase WBC and neutrophil counts in both acutely[@CIT0032] and long term.[@CIT0033] This lithium-induced increase in WBCs has been used to successfully treat neutropenia during carbamazepine therapy.[@CIT0034],[@CIT0035] The mechanism of lithium increasing neutrophil count and total WBC is not fully understood, and its effect is difficult to quantify. However, various suggestions, including demargination, stimulation of granulocyte-macrophage colony-stimulating factor, and stimulation of cytokines, have been proposed.[@CIT0036],[@CIT0037] The results of the present study first indicated that serum lithium concentrations were positively correlated with the percentage of neutrophils in186 Chinese Han patients with BD, further suggesting a close relationship between the concentration of blood lithium and the number of neutrophils and providing a theoretical basis for clinicians to treat neutropenia with lithium.

There are several limitations of this study that should be noted. First, the sample size is relatively small and all subjects were recruited from a single hospital. Second, the data regarding thyroid function of the patients at sample collection should be included because lithium has many effects on thyroid physiology.[@CIT0038] Third, the causal relationship between the factors and blood lithium concentrations cannot be determined by the current research results and need to be investigated in future studies. Fourth, although all of the patients were drug free for at least 2 weeks, we were unable to take into account the probable long-term effects of previous drugs on kidney function. Fifth, the data regarding urine osmolality of the patients at sample collection should be included, for the reason that urine osmolality is an important indicator of renal function. Sixth, the baseline levels of factors related to blood lithium concentrations before medication was not observed.

At the end of this study, we reached the conclusion that the physiological factors, including creatinine, HDL, apolipoprotein A1, Na^+^, and Mg^2+^ concentrations and percentage of neutrophils, might be related to the serum lithium concentrations in Chinese Han patients with BD. Multicentric and longitudinal studies are clearly required to validate the relationship between serum lithium concentrations and physiological factors in patients with BD.
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